Centre d'Etudes des Ph•nomdnes Al•atoires et G•ophysiques VINCENT B. WICKWAR SRI International WLODEK KOFMAN Centre d'Etudes des Ph•norndnes Algatoires et Ggophysiques Incoherent scatter observations performed in March and November 1978 at Chatanika have been used for studying the lower thermosphere in the auroral region. Neutral temperatures and densities have been found during periods without Joule heating. We present mean profiles of temperatures and collision frequencies (approximately proportional to neutral densities) for each month and profiles obtained during four specific nights. Between 93 km and 110 km the mean profiles of temperature are in good agreement with the Jacchia (1971) model, and the profiles of collision frequency are similar to those deduced from the model. Consistency checks between these collision frequencies and temperatures were performed, as were various simulations of the data. Neutral temperature profiles between 90 km and 140 km on the four specific nights show variations from one night to another that are not correlated to magnetic activity. However, there are systematic variations during each night that we suggest are due to atmospheric tides. 10,137 10,138 LATHUILLERE ET AL.' Vin AND T n IN THE AURORAL THERMOSPHERE
INTRODUCTION
The lower thermosphere is usually used as a limit zone for the thermospheric models: empirical models such as "Jacchia 71, 77" [Jacchia, 1971 [Jacchia, , 1977 or "MSIS" [Hedin et al., 1977a, b] and theoretical models of auroral disturbance effects [e.g., Mayr and Volland, 1973] . Boundary conditions are often constant and given at an altitude of either 90 km or 120 km; however, neutral temperatures, densities, and compositions are quite variable in this region [Offermann et al., 1981] . The aim of this paper is to show that the incoherent scatter technique is able to contribute to the understanding of the lower thermosphere in the auroral region by presenting first long-term results from Chatanika. Already at middle and low latitudes, incoherent scatter radars have been extensively used for the study of the lower thermosphere: long-term variation studies [Waldteufel, 1970a; Alcayde et al., 1979; Salah et al., 1974; Tepley and Mathews, 1978 ] and short-term variation studies such as tides [Bernard, 1974; Salah et al., 1975; Wand, 1976 ] and gravity waves [Vidal-Madjar, 1978] . At high latitudes, initial results were obtained by Schlegel et al. [1980] .
In the second part of the paper, we recall how neutral temperatures and densities can be deduced from incoherent scatter measurements and examine the problems peculiar to the auroral zone. In the third part we present the results obtained with the Chatanika incoherent scatter radar. We describe the averaged temperature and density profiles obtained during two months of measurements: March 1978 and November 1978. We then examine the consistency of these profiles, first by assuming hydrostatic equilibrium and second by simulat-Copyright 1983 by the American Geophysical Union.
Paper number 3A1346. 0148-0227/83/003A-1346505.00 ing the data. This latter check is performed because the altitude integration performed by the Chatanika multipulse correlator is larger than the neutral scale height. In the fourth part of this work, we present variations of collision frequency and temperature profiles observed during four specific nights.
Finally, in the conclusion, we review the main results.
DETERMINATION OF NEUTRAL ATMOSPHERE PARAMETERS

WITH THE INCOHERENT SCATTER TECHNIQUE
Ion-Neutral Collision Frequency
In the E region the incoherent scatter ion spectrum depends not only on the usual parameters (electron density Ne, electron and ion temperatures T• and T•, and ion velocity V•) but also on the ion-neutral collision frequency vin [Dougherty and Farley, 1963; Waldteufel, 1970b] . This collision effect becomes negligible above an altitude of 110 km for the radar frequency used at Chatanika. Theoretically, it is possible to deduce simultaneously the four parameters Ne, T•, T•, and vin from the incoherent scatter spectrum or the autocorrelation function, but the presence of much noise in the measurements makes a four-parameter regression practically impossible [Lejeune, 1980] . In particular, it is difficult to simultaneously determine the electron-to-ion temperature ratio and the ion-neutral collision frequency. However, Schlegel et al. [1980] show two such fits under conditions of large electron densities. We shall attempt to determine vi, during periods when there is thermal equilibrium between electrons and ions: T• = T•. At middle and low latitudes, thermal equilibrium exists in the lower E region and its existence has been verified. However, at high latitude, different heating processes can disturb the thermal equilibrium. In the presence of particle precipitation, the electron temperature may be higher than the ion temperature; in the presence of electric fields the classical process of Joule heating will prefer-entially enhance the ion temperature, and a new heating mechanism due to unstable plasma waves (modified twostream instability) will preferentially enhance the electron temperature .
Only this latter process is able to significantly change the thermal equilibrium below the altitude of 110 km. Indeed recent results from Chatanika show electron temperatures of 1200 K between 105 km and 110 km when ion temperatures remain between 250 K and 300 K [Wickwar et al., 1981; Schlegel and St. Maurice, 1981] . During these periods of "elevated electron temperature," which are simultaneous to periods of high electric field, it will be impossible to determine the collision frequency viu.
Neutral Temperature and Density
The neutral temperature is deduced directly from the ion temperature determination, indeed the high value of the ionneutral collision frequency below the altitude of 110 km ensures thermal equilibrium between ions and neutrals most of the time. However, during periods of very high electric field, Joule heating could raise the ion temperature above the neu- In the remainder of the paper we continue to use the symbol vi•, but it now represents the total ion-neutral collision frequency.
We can see that the factor K depends on the neutral composition (thus on the altitude) and especially on the percentage of atomic oxygen. If we use the "Jacchia 71" neutral model with an exospheric temperature of 1000 K, a 7% difference is obtained between 90 km and 110 km. While this small difference with altitude could vary with the choice of model atmosphere, it would remain small. However, the magnitude of K is less certain. It could vary because of atomic oxygen concentration variations as large'as a factor of 4 to 5 that have been observed in this region [Offermann et al., 1981] . More fundamentally, (1) is limited because it includes only a pure polarization interaction.
Because of the small variation of K with altitude, we will consider it constant, especially when compared with the precision of the collision frequency measurements. We note that the value used in the "EPEC" routines, which compute Joule heating and electric fields from Chatanika data [de la Beaujardidre et al., 1980], is 3.75 x 10 -•ø. This value corresponds to more than 25% atomic oxygen. In the following sections we shall present collision frequencies instead of neutral densities so that no additional error is introduced by the use of the factor K.
Experimental Conditions
The data that are presented here were acquired at Chatanika during the joint American-French plasma line experiments in March and November 1978 [Kofman and Wickwar, 1980] . We use autocorrelation function measurements obtained with the multipulse correlator in its 60-tts pulse configuration with a 9-km altitude resolution. The time resolution was 15 min, and almost all the data were acquired at night. The radar was pointing along the magnetic field line (in a fixed position), which did not allow electric field measurements.
We have seen that in the auroral zone it is necessary to work during periods without strong electric fields in order to deduce the neutral temperature and the collision frequency. Because these high electric field periods are also characterized by strong Joule heating that enhances the ion temperature T• at altitudes above 120 km, we have used multipulse measurements immediately above 120 km (where we can indeed determine both T/ and Te because collisions are no longer important) and single long-pulse measurements in the F region to determine Joule heating periods, i.e., periods during which T/ was enhanced above its quiet time value. These periods have been systematically eliminated prior to analysis for neutral temperature and collision frequency. Values of vin and T, were derived from autocorrelation functions, which were integrated for 15 min, using the regression routine ACFIT that is described by de la Beaujardidre et al. [1980] . Sixty-eight values of 1/in and T, were averaged to obtain the mean profiles for March and 32 values for the mean profiles for November. For the computation of the average, each value of Van (or T,) was scaled by the inverse square of the corresponding experimental uncertainty. This uncertainty was computed in the ACFIT routine from the errors for each lag of the autocorrelation function [Lejeune, 1980; Lathuillere, 1981] . Error bars presented in the figures correspond to the standard deviation of the computed average.
MEAN PROFILES OF COLLISION FREQUENCY AND
Collision Frequencies
The Another way to check the consistency of the results is to determine whether systematic errors can be introduced by the measurement technique. The Chatanika multipulse correlator performs a 9-km altitude integration, which is larger than the scale height of the neutral atmosphere. To check this possible source of error, we simulated the measurements. Theoretical autocorrelation functions (ACF) of the ionospheric medium were computed with a 1.5-km altitude resolution using different neutral temperature profiles and the corresponding ion collision frequency profiles. These values were obtained from the analytical static model of the neutral atmosphere developed by Alcayde [1981] . Then the spatial average of these theoretical ACF's was computed in the same way as in the correlator. The theoretical "mean" ACF's at five altitudes close to the real measurement altitudes were analyzed to obtain the "mean" collision frequencies and temperatures. For these simulations we have not added noise. Therefore the "mean" values obtained represent the bias due to the altitude integration. The receiver noise would add some scatter centered on our simulated values. We have also assumed that the return signal was received through an infinite bandwidth filter. The influence of a finite bandwidth filter would lead to a greater mixing of the contribution from each altitude. Thus our simulations overestimate the errors introduced by the altitude integration. 1978: March 16, 17, 18, and 19 during which the experiment was performed from approximately 0800 UT to 1600 UT. After removing Joule heating periods (indicated by solid areas in Figure 6 ), each night was divided in two parts corresponding to measurements made before 1200 UT (i.e., 0200 hours local time) and after 1200 UT. The exact measurement periods are indicated in Figure 6 (crosshatched areas) . Temperature and collision frequency data were then averaged to obtain two data points for each night.
NEUTRAL TEMPERATURE AND COLLISION
FREQUENCY VARIATION
For this study we chose four consecutive nights in March
In Figure 6 we used a solid line to depict the 3-hourly magnetic index Kn, which represents the magnetic activity over the northern auroral oval (left scale). Corresponding to the right scale, the dotted line depicts the maximum signal-tonoise ratio obtained with the multipulse correlator between the altitudes of 98 km and 110 km. This signal-to-noise ratio is proportional to the electron density and is a local measurement of the auroral particle precipitation at Chatanika.
The four nights that we chose are characterized by different behaviors. During the nights of March 16 and 17, there is an enhancement of the magnetic index and of the local precipitation. On March 18 the magnetic index and local precipitation are constant and quite great during the two measurement periods. In contrast, during the night of March 19, the magnetic index is constant when there is an important enhancement of the local precipitation.
Ion-Neutral Collision Frequencies
In order to characterize the collision frequency profiles, we have chosen the scale height estimated by a least squares fitting procedure identical to the one used for the mean profiles presented in the preceding section. On March 16 and 17, collision frequency values were not obtained at 93 km. Therefore to do the fit, we used the mean collision frequency value previously found at this altitude for this month. For each part of the night we have presented the scale heights in Figure 7 . The values are all between 6 km and 8 km. 
Scale height variations between the two parts of each night
Neutral Temperatures
Ion temperature profiles measured during each night are presented in Figure 8 . The solid line represents the profile corresponding to the first part of the night, and the dotted line is the profile corresponding to the second part. Crosses correspond to the Jacchia 71 neutral temperature model calculated with an exospheric temperature of 1000 K. Below 120 km the temperatures displayed correspond to the assumption of thermal equilibrium between ions and electrons. Above this altitude, we assumed a noncollisional medium, but the electronto-ion ratio was variable. While no ambiguity exists in interpreting the ion temperature as the neutral temperature below 110 km (see section 2), there may be above this altitude because of Joule heating. Therefore, as usual, periods of Joule heating were removed from our data before averaging. Furthermore, we verified that ion temperatures were lower than electron temperatures. Only during the second part of the night of March 18 was T• 30 K higher than T e at the altitudes of 122 km and 128 km, which means that there was perhaps a small contribution of Joule heating still present.
Under these conditions, thermal equilibrium between ions and neutrals seems to us to be still justified. Thus we interpret these measured ion temperatures as the neutral temperatures in the lower thermasphere.
Several inferences then can be drawn from Figure 8: 1. There is a good agreement between both sets of experimental temperatures and the Jacchia 71 model below 110 km.
2. At and above 110 km the experimental profiles are more variable and the temperatures greater than those in the model. 3. We have not been able to make any correlation between these variations and the magnetic activity described before. 4. We found a systematic temperature increase between the first and the second part of each night. The maximum of this variation (14% to 20% ) is located between the altitudes of 115 km and 125 km.
It is beyond the scope of this paper is make an exhaustive study of this nighttime temperature increase, but we suggest that it can be attributed to the tidal process at equinox. Indeed, while there are no observations of atmospheric tides at high latitude, many studies at middle and low latitudes with three incoherent scatter radars [Bernard, 1974; Salah et al., 1975; Wand, 1976 ] support the preponderance of a semidiurnal tide in the E region whose main characteristics (vertical wavelength of 40 to 60 km and amplitude of 10 to 20%) correspond to our observations.
CONCLUSION
After reviewing how the incoherent scatter technique allows an experimental approach to the study of the lower thermosphere, we have discussed the conditions peculiar to the auroral regions. During periods of large electric fields, which produce Joule heating of the ions and low-altitude electron heating, we are unable to deduce neutral temperatures and densities from the incoherent scatter data.
Our study is the first one of collision frequencies and temperatures in the auroral E region based on a large set of data (more than 30 hours) where the altitude integration of the data is almost as small as the neutral scale height.
We showed that the mean collision frequencies are similar to those deduced from the "Jacchia 71" neutral model and that the temperatures are in very good agreement with this model. A consistency check of the temperature and collision frequency data, assuming hydrostatic equilibrium, and a detailed simulation of the data support the results. In addition, possible wind shears as large as 100 m/s in 9 km have no effect on the deduced parameters. The study of neutral temperatures between 90 km and 140 km during four nights of March 1978 has shown that besides a mean profile that was variable from one night to another, there was a systematic increase during the night, which we suggest is the effect of atmospheric tides.
In the future, additional results on the high-latitude lower thermosphere should be obtainable from the EISCAT and Sondrestrom radars. They will be more sensitive than Chatanika and, by using coded pulses, will have the possibility of better altitude resolution.
